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(57) ABSTRACT 

The present invention offers a loW cost, reliable, on chip 

implementation that takes advantage of the nature of the 

average current mode topology to detect phase failures 

Within a multi-phase system. The invention further includes 

sensing average current to the load, generating error voltages 
and changing duty cycles When the sensed load current is not 
at the desired level. 

20 Claims, 3 Drawing Sheets 
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PHASE FAILURE DETECTOR FOR MULTI 
PHASE SWITCHING REGULATORS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

Not Applicable. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

Not Applicable. 

BACKGROUND OF THE INVENTION 

The present invention relates to electrical circuits that 
provide poWer to a load in a multi-phase manner. These 
types of circuits are referred to as DC to DC converters or 
buck converters or step-doWn converters. These sWitching 
circuits may be used in a number of different environments, 
including providing poWer to microprocessors. 
As integrated circuits become more complex and operate 

at higher levels of performance, maintaining the poWer 
source to the integrated circuit (IC) Within required operat 
ing ranges becomes increasingly dif?cult. Several of the 
problems associated With supplying poWer to modern ICs 
are described as folloWs. 

The main problem associated With supplying poWer to 
modern ICs is voltage regulation. The modern trend is for 
smaller and smaller voltage supply levels. In modern elec 
tronic systems, high performance ICs such as microproces 
sors may require a different voltage level than other circuits 
Within the system. The common solution is to provide an 
external voltage converter or regulator near the high perfor 
mance IC to supply the required voltage so that the rest of 
the system may be supplied With a standard voltage. 

The circuit of FIG. 1 shoWs a conventional DC-to-DC 
poWer converter that is Widely used to supply poWer to 
electronic devices, such as in computers, printers, and other 
devices. Such DC-to-DC converters are available in a vari 
ety of con?gurations for producing the desired output volt 
age from a source voltage. For eXample, a step doWn 
converter produces an output voltage that is less than the 
source voltage. A typical step doWn converter includes one 
or more poWer sWitches Which are pulse Width modulated to 
connect the source voltage to an output inductor to thereby 
poWer the load. The converter includes a gate driver for the 
high side sWitch, and a high speed peak current control loop. 
A portion of the converter’s DC output is applied to a 
transconductance error ampli?er that compares the fed back 
signal With an internal reference voltage. The feedback 
signal is generated by a resistor divider connected across the 
output of the converter. 

The transconductance error ampli?er compares the DC 
level of the fed back voltage With an internal reference, 
While providing voltage loop compensation using eXternal 
resistors and capacitors. A signal proportional to the output 
inductor’s current may be used to limit component stress 
during output overloads (overload protection). HoWever, a 
regulation application needs a higher ?delity current signal 
than the overload protection application. Typically the heat 
sinks and thermal design of the DC-to-DC converter are 
siZed for ef?ciency, and the Worst case variation of the 
overload trip level (current signal) still maintains the com 
ponents beloW their maXimum ratings. 

There are several methods of controlling the regulation of 
the output voltage. These methods are commonly knoWn as 
voltage mode control, peak current mode control, and other 
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2 
various methods. Another one of these methods is average 
current mode control. The embodiment of this invention 
shoWn in FIG. 1 utiliZes average current mode control. 

Perhaps the most common approach to sensing the output 
inductor current in a step oWn converter uses a sensing 
resistor connected in series With the output inductor. The 
circuit reconstructs the output inductor current as a differ 
ential voltage across the sensing resistor. Most IC’s using 
this approach regulate the output voltage With current mode 
control and use the signal for output voltage feedback. 

Multiphase converters have also been employed in the 
DC—DC converter topologies. For eXample, a dual inter 
leaved DC—DC converter uses tWo buck converters in 
parallel. HoWever, these tWo converters are sWitched 180 
degrees out of phase With each other. There are several 
advantages associated With multiphase converters. They 
include reduced output voltage ripple and reduced input 
current ripple. Therefore multiphase converters are com 
monly used for supplying high performance CPU poWer. 
The conventional multi-phase circuits as described are 

capable of monitoring individual phase currents and provide 
automatic duty cycle adjustment to keep the inductor cur 
rents in the interleaved DC to DC sWitching circuits bal 
anced. The prior art circuits fail hoWever, to teach any means 
or method of detecting a phase failure Within the system. It 
is common that one phase of a multi-phase system may fail 
and go undetected, as poWer may still be supplied by the 
other Working phases. Therefore a solution is required that 
takes into account all the above mentioned problems and 
limitations associated With providing poWer to IC chips. 

SUMMARY OF THE INVENTION 

The drawback of the conventional interleaved DC to DC 
sWitching circuits is that they are incapable of detecting 
When one of the phases has failed. Often While in operation, 
a single phase Within a multi-phase system Will fail. It is 
common that even With a failed phase, the Working phases 
Will still provide poWer to the load. These undetected phase 
failures cause regulators to operate under high stress con 
ditions as they must carry additional current normally pro 
vided by the failed phase. It should be noted that While the 
current is higher than usual, the voltage tends to stay Within 
appropriate bounds thereby masking the phase failure. The 
high stress operation of the regulators causes faulty circuit 
operation and usually component malfunction or destruc 
tion. The present invention offers a loW cost, reliable, on 
chip implementation that takes advantage of the nature of 
the average current mode topology to detect phase failures 
Within a multi-phase system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects, features, and characteristics of 
the present invention Will become apparent to one skilled in 
the art from a close study of the folloWing detailed descrip 
tion in conjunction With the accompanying draWings and 
appended claims, all of Which form a part of this application. 
In the draWings: 

FIG. 1 shoWs a conventional DC to DC converter circuit; 
FIG. 2 shoWs the circuit in accordance With one embodi 

ment of the present invention; and 
FIG. 3 shoWs the digital ?lter used in accordance With one 

embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Detecting the failure of a phase of a multiphase converter 
using peak current mode converters or voltage mode 
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controllers, or any other control method in Which the aver 
age inductor current is not available, is not feasible. Within 
the peak current mode control, one needs to add additional 
circuitry to extract the average current information. Control 
methods other than average current mode control also 
require the addition of circuitry to extract the information 
about the average current ?oWing through each phase. 

Referring noW to FIG. 2, the preferred embodiment of the 
present invention is shoWn. This schematic shoWs the detec 
tion of phase failure Within a tWo-phase system, hoWever it 
is noted that this type of detection technique could be 
employed in systems With 3 or more phases. The tWo phases 
of FIG. 2 deliver poWer to a load resistance RLOAD. This 
Would represent a microprocessor unit for example. The 
average current mode architecture has been employed. The 
output voltage is regulated by commanding an average 
inductor current Which is proportional to the error voltage 
betWeen the desired output voltage and the actual output 
voltage. Control voltage VC is the error betWeen desired and 
actual voltage. The current in each phase circuit is sensed by 
resistor RS. This current through RS becomes a voltage, 
Which is inputted into the terminals of ampli?er G1. This 
signal is then sent to ampli?er GCA to be compared With a 
command voltage VC. The output signal VO1 from ampli 
?er GCA represents the average difference betWeen the 
actual output phase current and the desired value of phase 
current. The VO1 signal is used to control the duty cycle of 
the phase as it is fed to comparator CPWM, and is also fed 
to comparator COM1 to be compared With a reference signal 
VREF. Aphase failure is detected When the output of COM1 
goes high and the output from COM2 stays loW. If signal 
PDV1 is high and signal PDV2 is loW, the XOR gate Will go 
high indicating a phase failure. The output of the XOR gate 
is then fed to a ?lter Which may be analogue or digital. 
As mentioned above, signal VO1 is also used to control 

the duty cycle of phase 1. The combination of comparator 
CPWM, ?ip-?op F1, oscillator clock OSC1, logic gates 
LG1~LG4, diodes D1 and D2, and transistors Q1 and Q2 
comprise an embodiment of a pulse Width modulation 
controller. The operation of the pulse Width modulation 
controller (PWMC) controls the duty cycle of the phase. As 
is knoWn in the art, the term “duty cycle” refers to the 
amount of chopping of a constant dc voltage. The PWM 
controller includes a high frequency (several hundred kilo 
hertZ) oscillator Which initiates a PWM cycle, furthermore it 
outputs a PWM ramp. The comparison of the PWM ramp 
With VO1 Will determine the on and off times of transistors 
Q1 and Q2. As the difference betWeen desired and sensed 
current increases, the duty cycle is changed appropriately. 
For example, a large error signal Would cause an increased 
duty cycle. The chopped phase signal is then output to 
inductor L1 and capacitor C1 to smooth out the phase 
current. This phase current is then delivered to the load and 
is monitored by resistor RS. 

The operation of the circuit of FIG. 2 detecting a failure 
of phase 1 Would be as folloWs. If no current ?oWs through 
resistor RS, no voltage Would be dropped across RS. There 
fore the phase 1 current sense ampli?er G1 Would output a 
Zero voltage or loW signal. AloW signal fed into the negative 
terminal of transconductance ampli?er GCA compared With 
the command voltage VC fed into the positive terminal of 
transconductance ampli?er GCA Would result in a current 
being sourced out of the CGA ampli?er. This sourced 
current Will charge the loop compensation capacitor con 
nected to the output of GCA. As the compensation capacitor 
is being charged, it Will be compared to a VREF voltage by 
the comparator COM1. A high VO1 signal applied to the 
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4 
PWMC Would increase the duty cycle of phase 1 in an 
attempt to provide more poWer to the load. A phase failure 
signal PDV1 is then in a high state and is fed to the XOR 
gate. Given that phase 2 is operational, signal PDV2 Would 
be loW and therefore the XOR gate Would produce a high 
output indicative of a phase failure. In this example all the 
load current Would be carried through the components of 
phase 2. Obviously this is detrimental to the phase 2 system. 
Continuous conduction of the load current by the compo 
nents of phase 2, can deteriorate their life time and could 
result in failure of phase 2 components. 
As explained above, the average current mode control 

regulates the output voltage by monitoring the average 
current ?oWing through the output inductor. Since the mag 
nitude of the average current is knoWn, one can detect a 
phase failure by detecting a drop in the average current. For 
noise rejection the fault detection signal can be ?ltered. 

FIG. 3 shoWs the one implementation of the ?lter used to 
detect phase failures. In the preferred embodiment this ?lter 
is constructed as a digital ?lter. It is noted that an analogue 
?lter may also be used. FIG. 3 shoWs signals PH1 and PH2 
input into an XOR gate. The output from this gate goes to an 
AND gate. A total of 5 ?ip-?ops are shoWn connected in a 
serial shift register manner. If the output of the XOR gate is 
high, indicating a phase failure, then the clock signal (shoWn 
as CLK) connected to the input of the AND gate is passed 
to the clock input of the ?rst ?ip-?op D1 . The data input of 
the ?ip-?op is connected to the supply voltage. Therefore a 
“1” state is clocked into the ?rst ?ip-?op When the ?rst 
?ip-?op is clocked as a result of a phase failure detection. All 
the ?ip-?ops are clocked at the same time; therefore the “1” 
state of the ?rst ?ip-?op ripples through the succeeding 
?ip-?ops every time the clock goes high, assuming that the 
XOR gate maintains a “1” state, i.e. a phase failure is still 
being detected. The ?ip-?ops get reset if the output of the 
XOR gate goes loW. This means that the phase failure 
detection has to last for a minimum of 5 clock cycles before 
the signal DVD goes high. Thus this circuit essentially 
accomplishes digital ?ltering. 
The present invention therefore alloWs simultaneous aver 

age current detection and phase failure detection in mul 
tiphase circuits. 
What is claimed is: 
1. A multiphase DC to DC sWitching circuit contained on 

a single integrated circuit chip for controlling poWer sWitch 
ing devices in a DC to DC converter having ?rst and second 
converter circuits operating to provide poWer to a common 
load comprising: 

a current sense circuit sensing the voltage across a sense 
resistor in series With the common load; 

a ?rst pulse Width modulator controlling a ?rst phase of 
poWer sWitching devices of the ?rst converter circuit; 

a second pulse Width modulator controlling a second 
phase of poWer sWitching devices of the second con 
verter circuit; 

a feedback circuit responsive to the voltage across the 
sense resistor; 

control circuits for controlling the ?rst and second pulse 
Width modulators responsive to the feedback circuit 
and a commanded output voltage; 

the control circuits also being responsive to the detection 
that one phase is not supplying poWer to the load. 

2. The multiphase DC to DC sWitching circuit of claim 1 
Wherein the voltage across the sense resistor is input to an 
operational ampli?er. 

3. The multiphase DC to DC sWitching circuit of claim 2 
further comprised of an operational ampli?er having an 
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output responsive to the voltage across the sense resistor and 
a command voltage. 

4. The multiphase DC to DC switching circuit of claim 1 
Wherein a ?lter is used to determine a phase failure. 

5. The multiphase DC to DC sWitching circuit of claim 4 
further comprised of a digital ?lter. 

6. The multiphase DC to DC sWitching circuit of claim 5 
Wherein the digital ?lter receives input signals from logic 
gates. 

7. The multiphase DC to DC sWitching circuit of claim 4 
Wherein the ?lter is an analog ?lter. 

8. The multiphase DC to DC sWitching circuit of claim 1 
Wherein the control circuits are also responsive to average 
current delivered to the load. 

9. The multiphase DC to DC sWitching circuit of claim 8 
Wherein the control circuit generates an average current that 
is proportional to an error voltage betWeen a desired output 
voltage and an actual output voltage. 

10. Amultiphase DC to DC sWitching circuit contained on 
a single integrated circuit chip for controlling poWer sWitch 
ing devices in a DC to DC converter having ?rst and second 
converter circuits supplying poWer to a common load com 
prising: 

a ?rst phase ?rst pulse Width modulator controlling the 
poWer sWitching devices of the ?rst converter circuit; 

a second phase second pulse Width modulator controlling 
the poWer sWitching devices of the second converter 
circuit; 

a feedback circuit responsive to the poWer supplied by 
each phase to the common load; and 

a control circuit for controlling the ?rst and second pulse 
Width modulators responsive to the feedback circuit 
detection that one phase is not supplying poWer to the 
common load. 
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11. The multiphase DC to DC sWitching circuit of claim 

10 Wherein the control circuit contains a ?lter. 
12. The multiphase DC to DC sWitching circuit of claim 

11 Wherein the ?lter is a digital ?lter. 
13. The multiphase DC to DC sWitching circuit of claim 

12 Wherein the digital ?lter contains a plurality of ?ip-?ops. 
14. The multiphase DC to DC sWitching circuit of claim 

10 Wherein the control circuit is responsive to average 
current delivered to the load. 

15. The multiphase DC to DC sWitching circuit of claim 
14 Wherein the control circuit generates an average current 
that is proportional to an error voltage betWeen a desired 

output voltage and an actual output voltage. 
16. The multiphase DC to DC sWitching circuit of claim 

15 Wherein the pulse Width modulator circuits contain a 
?ip-?op. 

17. The multiphase DC to DC sWitching circuit of claim 
16 Wherein the pulse Width modulator circuits contain a 
clock oscillator. 

18. The multiphase DC to DC sWitching circuit of claim 
15 Wherein the desired and actual voltages are compared 
using an operational ampli?er. 

19. The multiphase DC to DC sWitching circuit of claim 
10 further comprising a third phase third pulse Width modu 
lator controlling the poWer sWitching devices of the third 
converter circuit. 

20. The multiphase DC to DC sWitching circuit of claim 
19 further comprising a fourth phase fourth pulse Width 
modulator controlling the poWer sWitching devices of the 
fourth converter circuit. 


